Abstruct-While proportional integral derivative (PID) controllers are widely used in industrial applications, they exhibit poor performance when applied to systems containing unknown nonlinearities, such as deadzones, saturation, and hysteresis. In this paper, we propose a fuzzy logic-based precompensation approach for PID controllers. We demonstrate the performance of our scheme via experiments performed on a dc servomotor position control testbed under varying load conditions. Our results show that the fuzzy precompensated PID controllers have superior performance compared to conventional PID controllers. In addition, the proposed scheme is robust to variations in load. In our experimental testbed, the variations in loading conditions correspond to variations in the level of nonlinearities in the plant. Our scheme is easily implemented in practice simply by adding a fuzzy precompensator to an existing PID controller.
I. INTRODUCTION
ANY physical components used in control systems, M such as gears and hydraulic servovalves, suffer from nonlinearities including saturation, relays, hysteresis, and deadzones. Such nonlinearities are often unknown and timevarying. Friction, which represents a common source of nonlinearities, often varies with temperature and wear and may differ significantly between components that are mass produced. Standard proportional integral derivative (PID) controllers, while simple to implement and commonly used in practice, suffer from poor performance when applied directly to systems with significant nonlinearities. For example, it is well known that PID controllers suffer from stick-slip limit cycles when applied to plants with stiction (see, e.g., [ 11, [2] ). The study of methods for dealing with unknown nonlinearities has therefore been of interest to control practitioners for some time.
Advanced control schemes for controlling systems with nonsmooth nonlinearities include sliding mode and variable structure control 121-[4] and dithering [5] . Motivated by limitations in some of these methods, such as chattering in sliding mode control, Recker et al. [6] proposed an adaptive nonlinear control scheme for controlling systems with deadzones. In [6] , full state measurements were assume to be available. Recently, Tao and Kokotovic [7] considered the more realistic situation where only a single output measurement is available. In practice, however, the transient performance of the adaptive control schemes above is limited.
Since the seminal work of Zadeh [8] introducing the concept of fuzzy sets, fuzzy logic-based controllers have received considerable interest (see, e.g., 191 positive results using computer simulation models.
In this paper we propose a fuzzy logic-based precompensation scheme for PID controllers. A design philosophy reflected in this paper is that fuzzy methods can be used effectively to complement conventional control methods for performance improvement. The fuzzy logic-based precompensation scheme uses a similar implementation to the one in [ 1 11. The difference between the contributions of this work and that of [l 11 are as follows. First, the basis for the design of the present fuzzy precompensator is different from that of [ 111. The scheme in [ l l ] was based on graphically studying the source of steady-state errors arising from applying PD type schemes to systems with deadzones. In this paper, the scheme is based on trying to compensate for overshoots and undershoots in the transient response. Second, our present precompensator is designed specifically for PID controllers, which are widely used in practice. Our scheme is easy to implement in practice, since an existing PID controller can used in conjunction with the fuzzy precompensator without modification. Third, [ 111 provides only computer simulation examples to illustrate the behavior of the scheme. In this paper we include results on the performance of the control scheme from an experimental testbed for dc servomotor position control.
In related work, Yasuda et al. [12] described a method to suppress process overshoot using a fuzzy expert control technique embedded in a PID controller. Their implementation, although different from ours, is also based on the approach of modifying the controller internal setpoint so that the plant output stays on a desired response curve with minimal overshoot. In [13], Matsunaga and Kawaji used a "hybrid" scheme for controlling a dc servomotor. In their scheme, the controller switches between a fuzzy controller and a PD controller depending on whether the system is in transience or steady state, respectively. Like ours, their motivation is based on the desire to improve the performance of controllers under nonlinearities.
The remainder of this paper is organized as follows. In Section I1 we describe the control structure of our proposed fuzzy precompensated PID control scheme and provide details on our fuzzy logic-based precompensator. In Section I11 we describe an experimental testbed and some experimental results that demonstrate the performance of our fuzzy precompensation scheme in a practical setting. Finally we conclude in Section IV.
FUZZY PRECOMPENSATED PID CONTROLLER
A. Control Structure Fig. 1 illustrates the basic control structure. The scheme consists of a conventional PID control structure together with our proposed fuzzy precompensator.
The fuzzy precompensator uses the command input ym and the plant output yp to generate a precompensated command signal y : , , described by the following equations
In the above, e ( k ) is the tracking error between the command input y,(k) and the plant output y p ( k ) , and A e ( k ) is the change in the tracking error. The term F[e(lc), Ae(k) ] is a nonlinear mapping of e ( k ) and A e ( k ) based on fuzzy logic (described below). The term y(k) = F [ e ( k ) , A e ( k ) ] represents a compensation or correction term, so that the compensated command signal y:,(k) is simply the sum of the external command signal ym(k) and y(k). The correction term is based on the error e ( k ) and the change of error A e ( k ) . The compensated command signal & ( k ) is applied to a conventional PID scheme, as shown in Fig. 1 . The equations governing the PID controller are as follows
The quantity e'(k) is the precompensated tracking error between the precompensated command input y: , ( k ) and the plant output y p ( k ) , and Ae'(k) is the change in the precompensated tracking error. The control u ( k ) is applied to the input of the plant. The purpose of the fuzzy precompensator is to modify the command signal to compensate for the overshoots and undershoots present in the output response when the plant has unknown nonlinearities. As we shall see in Section I11 (see also [ 14] ), such nonlinearities can result in significant overshoots and undershoots if a conventional PID control scheme is used. The precompensator uses fuzzy logic rules that are based on the above motivation.
B. Fuzzy Precompensator
We now describe the implementation of the fuzzy logicbased term y(k) = F[e(lc), Ae(k) ]. In our description, we use standard terminology from fuzzy set theory; we refer the reader to [15] , [16] for a treatment of fuzzy sets. We think of e ( k ) and Ae(k) as inputs to the map F , and y(k) as the output. Associated with the map F is a collection of linguistic values
N M , N S , ZO, PS, P M , P B }
that represents the term set for the input and output variables of F . In our scheme, we use seven linguistic values. The meaning of each linguistic value in the term set L should be clear from its mnemonic; for example, N B stands for negative-big, N M for negative-medium, N S for negative-small, 20 for zero, and likewise for the positive ( P ) linguistic value. Associated with the term set L is a collection of membership functions
~N M , P N S , P Z O ,~P S , P P M ,~P B ) .
Each membership function is a map from the real line to the interval [0,1]. Fig. 2 shows a plot of the membership functions. As depicted in Fig. 2 , the membership function we use are of the triangular type. The height of the membership functions in this case is one, which occurs at the points -1, -0.66, -0.33, 0, 0.33, 0.66, 1, respectively.
The realization of the function F [ e ( k ) , Ae(k) ], based on the standard fuzzy method, consists of three stages: fuzzification, decision-making logic, and defuzzification. We describe each of these stages in turn.
Fuzzi$cation: The process of fuzzification transforms the inputs e ( k ) and Ae(k) into the setting of linguistic values. This consists of scaling the inputs e ( k ) and Ae(k) appropriately and then converting them into fuzzy sets. We use the symbol C, for the scaling constant for the input e(k), and the symbol CA, for the scaling constant for the input A e ( k ) . For each linguistic value 2 E L, we assign a pair of numbers ne (l) and n~, ( l ) to the inputs e ( k ) and A e ( k ) via the associated membership function pi, by n e ( l ) = P/(Cee(k)) n A e ( l ) = Pl (cAeAe(k)).
The numbers ne(l) and n~, ( l ) , 1 E L are used in the computation of F [ e ( k ) , A e ( k ) ] , which we will describe when discussing the defuzzification stage. ( N S , PS, 20) . Rules are often written in the form: "if e ( k ) is 1, and A e ( k ) is la,, then y is I," (here we think of y as the output of the fuzzy logic rule). For example, in the rule represented by the triplet ( Z O , N S , N M ) , the idea of the rule is that if e ( k ) is zero and A e ( k ) is negativesmall, then output negative-medium. The set of rules used in our fuzzy precompensator is given in Table I . There are 27 rules altogether (i.e., T = 27). The rules are derived by using a combination of experience, trial and error, and our knowledge of the response of the system. These are common approaches to the design of fuzzy logic rules, as described in [9]. To explain how these rules were obtained, consider for example the rule (20, N M , N B ) in Table I . Suppose that the command signal is a constant ym, the error e ( k ) is zero, and the change of error A e ( k ) is a negative number. This means that the output yp(k) = ym -e ( k ) is increasing, i.e., heading in the direction of an overshoot. To compensate for this, we decrease the command signal. This corresponds to applying a correction term y ( k ) that is negative. Hence, we get the rule "if error is zero and change-of-error is negative-medium, then output a negative-big correction term." Similarly, consider the rule ( P M , P M , P B ) in Table I . Correspondingly, consider the case where e(k) is positive, and so is A e ( k ) . This means that the plant output y p ( k ) is below the command signal, and is still decreasing (i.e., we are in the middle of an undershoot). To compensate for this, we need to increase the command signal by a positive amount. This corresponds to applying a positive value of y(k). Hence the rule "if error is positivemedium and change-of-error is positive-medium, then output a positive-big correction." The other rules are obtained in a similar manner. We refer the reader to [9] for a discussion of advantages and tradeoffs in methods for selecting fuzzy rules. 
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where A represents the min operator. Then, the output of the defuzzification process is given by where Cp is a scaling factor. This ends our description of the term y ( k ) = F [ e ( k ) , A e ( k ) ] . For completeness, we illustrate the graph of F in Fig. 3 . The function F is relatively smooth and monotonic in both arguments, apart from the "bump" at negative values of e ( k ) and A e ( k ) . The reason for the bump is that zero defuzzified values are used in areas where there are no rules.
We do not have a good explanation for the above irregularity, since the fuzzy rules underlying the map F was constructed by trial and error.
EXPERIMENTS
In this section we describe an experimental testbed and some experimental results that demonstrate the performance of our fuzzy precompensation scheme. Fig. 4 shows a diagram of the testbed. The setup consists of an IBM PC/AT computer equipped with a custom interface card, a DC servomotor position control system, and power circuitry for driving the servomotor.
A. Experimental Testbed
The position control system uses a dc servomotor to drive a screw whose angular position determines the location of a platform on which a load may be placed. Our purpose is to experiment with variations in loading conditions. The dc servomotor used is a GoldStar Machinery & Electric Company model F35003 motor (see [14] for specifications of this motor). The motor is equipped with a shaft encoder, used for measuring the motor speed.
The servomotor is driven by an H-bridge chopper, allowing both clockwise and counterclockwise operation of the servomotor. We used a PWM switching frequency of 2 kHz; this value was established by trial and error to be sufficiently high for the armature current ripple to be small, but not so high that unacceptable switching losses result. The speed of the motor is governed by the duty ratio of the PWM signal (i.e., the ratio of the "on time" to the period of the signal).
The speed of the dc servomotor is controlled via an IBM PC/AT with a 12 MHz Intel 80286 microprocessor and an 80287 coprocessor. The PC/AT is interfaced to the chopper circuit and the motor shaft encoder through a custom card containing a 82C54 programmable interval and timer (PIT) and a 82C55 programmable peripheral interface (PPI). The duty ratio of the PWM signal is controlled using one of the counters in the 82C54, while a second counter in the 82C54 is used for generating a 30 msec sampling clock signal.
The angular position of the servomotor is sensed using the shaft encoder. The encoder has two outputs (A-Phase and BPhase in Fig. 4 ) that are used together to determine both the motor speed as well as the revolution direction. Specifically, we used the four 4-bit counters in the 82C55 PPI to form a 16-bit counter that counts the encoder output pulses over a sampling period of 30 msec. At the end of the 30 msec period, the value of the counter is recorded and the counter is reset for the next sampling period. The recorded counter value gives a measure of the motor speed. Specifically, the angular position of the motor is determined by summing the recorded counter values at each sampling period. The angular position represents the plant output yp and is used in the calculation of the control input to the plant (the PWM duty ratio).
We implemented our fuzzy precompensated PID control scheme for the servomotor testbed using software written in the language C.
B. Experimental Results
The control objective is to rotate the motor from 0 degrees to 180 degrees, i.e., half a revolution. Correspondingly, the reference signal ym is set to 180 degrees. In our experiments we compare the performance of a conventional PID controller to our proposed fuzzy precompensated PID control scheme. The PID parameter values used in our experiments were:
K p = 0.24, KO = 0.12, and KI = 0.03. The precompensator parameter values used were: C, = l.O/lyml, Cae = l.O/Iyml, and CF = 0.35; these values were tuned manually by trialand-error relatively easily. Note that the same PID parameters were used in both the conventional PID scheme and the fuzzy precompensated PID scheme. To demonstrate the performance and robustness of our scheme, we studied the step response of the system for three loading conditions: no load, 4.5 kg load, and 9.9 kg load. These correspond to the amounts of load placed on the loading platform in the testbed, as shown in Fig. 4 . We expect that the higher the load, the more significant the nonlinear effects in the system, e.g., friction.
Figs. 5, 6, and 7 show step responses for the system without load, with a 4.5 kg load, and with a 9.9 kg load, respectively. In all three figures, the solid line represents the output response under the proposed fuzzy precompensated PID scheme, the dashed line represents the output response under the conventional PID scheme, and the dotted line represents the reference signal level of 180 degrees. It is clear from all three figures that the proposed scheme represents a marked improvement over the conventional PID scheme. This is especially clear under the high loading condition of 9.9 kg, where the output response under the conventional PID scheme has an overshoot of up to 300 degrees, whereas the response under the proposed scheme has virtually no overshoot. We point out again that the same parameter values are used in all three loading conditions. Our experimental results therefore demonstrate that the conventional PID scheme is sensitive to the loading conditions, whereas the proposed scheme is highly robust to such variations in load.
A plot of the control input U for the 9.9 kg load case is shown in Fig. 8 . Note that the control input takes values between -1 and 1, representing the PWM duty ratio (negative values correspond to reverse directions). The solid line in Fig. 8 represents the control input under the proposed fuzzy precompensated PID scheme, while the dashed line represents the control input under the conventional PID scheme. As expected, the transients in the conventional PID scheme are more pronounced.
IV. CONCLUSIONS
In this paper, we proposed a fuzzy logic-based precompensation scheme for PID controllers. The proposed control scheme has superior performance compared to a conventional PID controller. An advantage of our present approach is that an existing PID control system can be easily modified into our control structure simply by adding the fuzzy precompensator. Our experimental results on a DC-motor position control testbed demonstrate the robustness of our scheme to variations in loading conditions. This paper supports the design philosophy that fuzzy logic methods can be used effectively to complement conventional control methods for improving performance and robustness, especially in the presence of unknown and severe nonlinearities. We do not address the problem of analyzing the stability of the control scheme in this paper. This difficult but important problem is a topic of ongoing research.
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